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ABSTRACT 

An overview of the Rare Kaon Decay program at the AGS is pre- 
sented, with particular emphasis on the three major experiments cur- 

O ■ rently running and analyzing data. A brief overview of earlier kaon 
00 ■ 

• decay experiments and recent improvements in AGS performance is 

X | also provided. This review concludes with a discussion of proposed 

^ and developing experiments planned to run in the year 2000 and be- 

<D '■ yond (AGS— 2000). 
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1 Overview 



The study of kaon decays has had a long and rich history at the AGS, including 
a Nobel Prize for the discovery of CP violation in the K L decay to two pions 1 in 
1963 and the observation of the suppression of Flavor Changing Neutral Currents 
(FCNC) in the K° L — > fi + fi~ decay. 2 The study of rare kaon decays had a renaissance 
in the early 1980's that has continued up to the present. The third generation of 
these experiments is currently running. 

This renaissance was motivated primarily by the realization that with the 
large numbers of kaons available at the AGS and with modern detectors and data 
acquisition apparatus, a tremendous leap forward in sensitivity was possible. At 
the same time it was realized that at such sensitivities the reach in mass scale 
for possible new interactions of these experiments is quite large indeed. 3 ' 4 For 
example, a comparison of the lepton flavor violating decay K° L — > fie with ordinary 
K + ^fi + v^ decay (see figure 1), leads to an expression for the mass (M x ) for a 




Fig. 1. Heavy gauge boson mediating K° L — > fie, and W + mediating K + — > fi + v^. 

new gauge boson X (assuming the same V-A interaction), in terms of the K° L fie 
branching ratio of: 

M x « 220TeV/c 2 

For gx ~ g the mass scale reached is far beyond that of any planned accelerator. 
Likewise, for a purely vector interaction, the companion decay K + — > n + fi + e~ can 
probe similarly high mass scales. Lepton flavor violation is not forbidden by an 
underlying gauge symmetry, so while it is not allowed in the Standard Model 
(SM), further experimental verification becomes even more compelling. Several 
proposed extensions to the SM do allow lepton flavor violation. 5-10 
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The huge suppression of the decay rates of FCNC by the GIM mechanism 11 
leaves a large 'window of opportunity' for discovery of non-SM processes. In addi- 
tion to the searches for physics explicitly beyond the standard model, significant 
increases in sensitivity for SM allowed decays can close the window on non-SM 
processes, such as K° L ^e + e~ or K + ^-k + vV. 12-20 

Measurements of the branching ratios for the SM processes K + ^tt + vV or 
K° L ^ fi + fi~ provide means to determine fundamental SM parameters, such as 
the CKM matrix element (V^l 21 and p. 22 A proposed experiment to measure 
K1^-k vV would be able to determine the SM parameter r\. 22 From the kaon 
system alone a complete determination of the 'unitarity triangle' can be made 
(see figure 2). The interpretation of Kl^fi + fi~ is complicated by the presence 
of long distance effects, but both K + ^it + vV and K° l -^tx°vV give very clean 
determinations of the fundamental parameters and the two of them together are 
enough to completely determine the triangle. 23,24 
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Fig. 2. Unitarity triangle. 



Finally, several 'modestly rare' decays have been seen, with branching ratios 
from 10~ 5 -10 -8 . These are generally long-distance dominated and are difficult 
to calculate. Many of these serve as a testing ground for low-energy effective- 
theories, such as Chiral Perturbation Theory (CHPT). 25 Some examples include: 
K + ^n + e + e~ , K + ^n + fi + fi~ , K + -^7r + 77, i^ + -^/i + z/^7(SD + ), K + ^it + it~ e + v ei 
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K + — > fi + ue + e , and K + — > e + z/e + e . Some non-rare decays, such as K + — > 7r°e + z/ e , 
are being pursued to more accurately determine the CKM matrix element \V US \. 



2 AGS 

The AGS has made continued and significant increases in the number of protons 
accelerated in the machine and available for experiments (see Fig. 3). A very 
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Fig. 3. AGS peak accelerated proton intensity per year. 

rapid increase over the last few years has occurred with the addition of the AGS 
Booster. With the Booster (and several additional AGS upgrades) 26 the intensity 
of accelerated protons has increased to ~60 Tp (Tp = 10 12 protons/spill). Further 
increases are expected with the addition of a RF Barrier Bucket during the 1998- 
99 running cycle. This Barrier Bucket should allow the stacking of additional 
Booster pulses with the possibility of reaching the AGS space charge limit of 
-150 Tp. 

A large number of other improvements to the operation of the AGS have been 
achieved. The Duty Factor (DF) has increased both macro- and micro-scopically. 
The macro DF has been increased from 30% to 44% by increasing the spill length 
and reducing the inter-spill period. There are plans to increase this even further. 
Additional work on reducing ripple in the spill has increased the effective length 
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of the spill, even at the longer spill length. The AGS is also able to switch back 
and forth between Fast Extracted Beam (FEB) and Slow Extracted Beam (SEB) 
on a pulse by pulse basis. This allows the kaon program (using SEB) to run 
simultaneously with the tune-up for experiments such as the muon g-2 (using 
FEB). Studies have also demonstrated the ability to extract SEB with bunching 
of the extracted beam. 27 This is useful for experiments that want to do time-of- 
flight for low-energy K^s, for example. Also a significant amount of work has 
been dedicated to running kaon production targets at the AGS at ~30 Tp/spill. 

3 AGS Kaon Experiments in the 1980's 

In the early 1980's two major kaon decay experiments took data. Looking for 
lepton family number violating decays, E780 searched in the neutral kaon system 
for K° L —>[ie and E777 searched in the charged kaon system for K + ^7r + /x + e~ . 

The experiment E780, which ran from 1985-88, followed earlier experiments by 
the same group looking for T-violation in the transverse polarization of the /i + in 
both neutral 28,29 and charged 30 ' 31 decays (E696, E735) and e'/e 32 (E749) from 
1978-84. E780 set limits on the decays K° L -> /ie, K° L -> e+e" and K° L -> 7r°e + e" and 
observed the decay fi + fi~ . 33-35 The experiment E777 set limits on the decay 

K + ^7i + fi + e~. It also set limits on 7r°^/i + e~ and K + ^tt + X° and measured 
the branching ratio for K + ^n + e + e~ . 36-39 

In the mid-to-late 1980's a second round of experiments was started. Follow- 
up experiments to both E780 and E777 were commissioned, with modest mod- 
ifications to the apparatus and triggers, to focus on decays with electrons in 
the final state. E845 continued E780's work on K L ^-K°e + e~ m ' A1 and measured 
branching ratios for K° L ~^e + e~ r )f 1 K° L — > e + e~77 43 and K° L ~^e + e~e + e~ . 44 This 
experiment discovered that K° L ^e + e~^^ would be a significant background to 
K° L -^7T°e + e - . 45 The experiment was optimized for many-body decays with elec- 
trons and photons. The spectrometer was shortened by moving the Cherenkov 
detector inside the magnet and the size of the first drift chamber was expanded. 
New triggers were created. The kaon production angle was changed from 0° to 2° 
to reduce rates and increase acceptance for tracks near the neutral beam. E845 
took data during 1989. Results from E780 and E845 are summarized in Table 1. 

E851 improved the E777 measurement of K + ^n + e + e~ and measured the 
7r°^e + e~ branching ratio. 46 The Cherenkov detector was optimized for electron 
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mode 


Measurement 


Comments 




< 1.9 x 1(T 9 


(Ref 35) 


K° L ^ir°e + e- 


< 5.5 x 10~ 9 


(Ref 41) 


K° L -^e+e- 


< 1.2 x 1(T 9 


(Ref 35) 


K° L ^e + e--i 


(9.1 ±0.4lg;jj) x 10" 6 


919 events (Ref 42) 


K° L — > e + e~ 77 


(6.6 ±3.2) x 10" 7 


17 events (Ref 43) 


K L ^e + e-e + e~ 


(3.07 ± 1.25 ±0.26) x 10~ 8 


6 events (Ref 44) 



Table I. Results from E780/E845. 



detection on both sides of the spectrometer and a new trigger was installed. E777 
ran from 1986-88 and E851 ran in 1989. The results from the E777 and E851 
experiments are listed in Table 2. 



mode 


Measurement 


Comments 


K + ^7v + /2 + e- 


< 2.1 x 10~ 10 


(Ref 38) 




< 1.6 x 10~ 8 


(Ref 38) 




(6.9 ±2.3 ±0.6) x 10- 8 


21 events (Ref 46) 


K + ^7r + e + e~ 


(2.75 ±0.23 ±0.13) x 10~ 7 


487 events (Ref 39) 


K+^TT+X 






^1°^ e+e- 


< 4.5 x 10~ 7 


M x < 100 MeV/c 2 (Ref 36) 


K + ^7i + X° 






^1°^ e+e- 


< 1.5 x 10~ 8 


150 <M X < 340 (Ref 39) 



Table 2. Results from E777/E851. 



Two other '2 nd generation' experiments also started taking data in the late 
1980's: E791 and E787. The primary purpose of E791 was a further improve- 
ment in sensitivity in the search for K° L ^>jie. This experiment had a two arm 
spectrometer, with high precision momentum measurements and good e and \x 
identification. The goal of the experiment was a sensitivity to this lepton flavor 
violating decay of 10~ 12 . E791 had an engineering run in 1988 and long physics 
runs in 1989-90. The physics results from E791 are listed in Table 3. 47 ~ 53 
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mode 


Measurement 


Comments 


K° L ^/xe 


< 3.3 x 10- 11 


(Ref 51) 




< 4.1 x KT 11 


(Ref 52) 




(6.86 ±0.37) x 10" 9 


707 events (Ref 53) 



Table 3. Results from E791. 



Another new experiment, E787, was designed to search for the SM allowed 
decay K + ^ti + vV. This experiment needs to identify the single, isolated 7r+ 
track from K + ^n + vV. The experiment used a stopped K+ beam, rather than 
the decay in flight beams used by the other experiments. It has a Air hermetic 
photon veto system, good kinematic resolution (range, momentum and energy) 
and 7r + identification through the decay chain 7r+ — > fx + — > e+. The first phase 
of E787 54 had an engineering run in 1988 and took physics data from 1989-91. 
The results from the first phase of E787 are given in Table 4. 55-65 The upgraded 
E787 experiment and detector will be discussed in more detail in section 4.1. Two 



mode 


Measurement 


Comments 




< 2.4 x 10 -9 


(Ref 63) 


K+^ir + X° 


< 5.2 x 10~ 10 


(Ref 63) 




(5.0 ±0.4 ±0.7 ±0.6) x 10~ 8 


207 events (Ref 65) 


K + — >7r + 77 


(1.1 ±0.3 ±0.1) x 10~ 6 


31 events (Ref 64) 


7r ^ 7 X 


< 5 x 10" 4 


(Ref 59) 


7T° — >l/77 


< 8.3 x 10~ 7 


(Ref 58) 


K + -^[x+Vpfx+fx- 


< 4.1 x 10~ 7 


(Ref 55) 



Table 4. Results from the first phase of E787. 



new results from the first phase of the experiment have recently been published 
in PRL: K+ -> 7r+7 7 64 and K+ -> tt+ li+ li~ 65 

E787 reported the first observation of the decay K + — > 71+77. 64 The branch- 
ing ratio and invariant mass M 77 for the decay K + ^ 71+77 are predicted by 
CHPT. 66-70 The prediction for M 77 is striking. Instead of a smooth phase space 
distribution, there is a sharp turn-on above M 77 = 2M n . The measured spectrum 
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verifies this prediction, as can be seen from the momentum spectrum of the ir + 
shown in figure 4. The K + ^7r + 77 trigger had two components: one accepting 
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Fig. 4. 31 events. The solid line is the best CHPT fit. The dashed 

line is a phase-space distribution normalized to the 90%CL limit in the 71771 
region. 

events with a P n above the K n2 peak (71771) and one accepting P n below the 
K n 2 peak (77772). There were 31 events observed in the 7T772 sample and none 
observed in the 7T771 sample. The model independent branching ratio is 

B(K+^ti + 11 : 100 < P n+ < 180MeV/c) = (6.0 ± 1.5 ± 0.7) x 10~ 7 . (2) 

The fit to the branching ratio and spectrum favors the CHPT parameter of c = 
1.8 ± 0.6 with the so called 'unitarity corrections'. 71 ' 72 The total branching ratio 
(assuming c=1.8) is 

B(K + — > 7r + 77) = (1.1 ±0.3 ±0.1) x 10~ 6 . (3) 

In the 7T771 region a 90%CL limit of 

B{K+^ti + 11 : P w+ > 215MeV/c) < 6.1 x 10~ 8 (4) 

was set. 

E787 has also reported the first observation of the decay K + , 65 
Two separate analyses of this decay were made. In the first all three tracks were 
fully reconstructed. In the second the minimum requirement for the third track 
was that its energy was measured. In the first analysis a total of 10.6±4.7 events 
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Fig. 5. Final event candidates for K + : a) 3-track events and b) 2-track 

events. 



were observed and in the second analysis 196.0±16.7 events were observed (see 
figure 5). These two analyses were combined to give a branching ratio for this 
decay of: 

B(K + ^ir + ti + fji-) = (5.0 ± 0.4 stat ± 0.7 syst ± 0.6 theor ) x 1(T 8 . (5) 

This branching ratio implies a value for the CHPT parameter 73 w + = 1.07 ±0.07. 
This value is larger than that derived from K + — > 7r + e + e~: w + = 0.89^o!i4 (Ref 39). 



4 Current Kaon Experiments 

There are three major rare kaon decay experiments running or analyzing data 
currently. All three experiments obtained sizable physics data sets from the 1995 
and 1996 runs. Due to the short length of the 1997 run (funding for only 8 
weeks), E871 decided to concentrate their efforts on analysis of existing data and, 
assuming they do not find any K° L — > fie events, will probably not take any more 
data. The E865 experiment chose to use the short 1997 run to collect some 
special data that is not compatible with their K + ^ir + fi + e~ running. The E787 
experiment, after some additional efficiency improvements, was able to collect 
additional K + ^7i + uV data (~60% of the sensitivity of the 1996 run). Both 
E865 and E787 are planning to collect a significant data sample from the 1998-99 
running period. 
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4.1 E787 



The E787 experiment was first proposed in 1983 and took significant physics 
data from 1989-91. The experiment underwent a major upgrade from 1992-94 
(keeping the number E787). A drawing of the new detector is shown in figure 6. 
The detector is located in the C4 beam line at the AGS. The C4 beam line, or Low 




Fig. 6. E787 experimental layout. 

Energy Separated Beam (LESB3), 74 transmits kaons of up to 830 MeV/c. At 800 
MeV/c it can transmit up to 6 x 10 6 f^ + with a K/tt ratio of 3:1 for 10 13 protons. 
The K + are stopped in a scintillating fiber target in the center of the detector. 
The detector itself covers close to Arc solid angle and is in a 10 kG magnetic field. 

The decay K + ^n + vV is interesting because of its sensitivity to the CKM 
matrix element \Vtd\, and because the theoretical uncertainty in calculating the 
branching ratio is very small 12 ' 75-81 : only 7%. 23 From current values of SM pa- 
rameters the branching ratio is expected to be B(K + -^T{ + vV) = (0.6-1.5) x 10 -10 
(Ref 24). 

The observation of K + —>-7T + uV is complicated by two significant difficulties: 
1) the small branching ratio ~ 10~ 10 and 2) the poor experimental signature. 
Since there are no major K + decay modes with a 7r + with momentum above the 
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K W 2 momentum (205 MeV/c), this experiment chooses to look for K + ^ti + vV 
with a high momentum 7r + . Excellent resolution on P^ m is obtained by working 
in the K + center of mass, so E787 uses a stopped K + beam. Since the signature 
of K + ^7i + uV is poor, all backgrounds need to be well identified. Most K + 
decays with a tt + also have a 7r°, including the K n 2 decay (BR=21%). These 
are identified and vetoed with a fully active 4ti detector, where any activity in 
time with the 7r + track, not associated with the track, is vetoed. The other 
major background comes from the K^ decay (BR=64%), which is rejected for not 
having a 7r + — > fi + — > e + decay chain. Both of these decays are mono-energetic 
and can also be rejected based on kinematics (range, momentum and energy). 
The other significant background comes from either a 7r + in the beam scattering 
into the detector or from charge exchange. The scattered pions are rejected by 
good particle identification in the beam, including reconstruction of both the kaon 
and the pion in the target, and by requiring that the 'kaon' decay at rest in the 
target, (i.e. a 'delayed coincidence' requiring that the 7r + track occur later than 
the incident K + track). The charge exchange background, K + + n — > p + Kl 
followed by Kl — > tt + £~i>£, is rejected by identification of the extra particles (the 
proton and lepton) and by the delayed coincidence. Any Kl decay that satisfies 
the delayed coincidence, yet remains in the target, has to come from a very low 
momentum Kl- 

The beam line was upgraded before the 1992 run (LESB1 — > LESB3), and the 
detector was upgraded between 1992-94: 

• The incident kaon flux was increased and the K/n ratio was increased from 
1:3 — ► 3:1. 74 

• The drift chamber was rebuilt. The new Ultra Thin Chamber 82 (UTC) has 
x2 better momentum resolution ~1% and x2 better z-resolution. The z is 
measured from the charge distribution on helical cathode strips. The total 
amount of material in the active momentum measuring section of chamber 
is 2 x 10~ 3 X . 

• The Pb-scintillator endcaps (EC) were replaced. The new undoped Csl end- 
caps 83 ~ 85 are fully active (less sensitive to inefficiencies due to photonuclear 
interactions) and have substantially more light output. The timing resolu- 
tion is x2-3 better than with the old endcaps. This is critical in the EC, 
which has the highest rates in the detector. 
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• Transient digitizers made from GAs CCD's were installed to provide im- 
proved timing and multiple pulse finding capability (particularly to find pi- 
ons on the tails of kaons in the target). The CCD's 86 have 8 bit resolution 
with 500 MHz sampling. These have been used to instrument the target, 
endcaps and beam elements. 

• Very low mass Range Stack Straw Chambers (RSSC) were installed. These 
have better z-resolution than the previous proportional counters, and even 
more important have significantly less dead material. 

• The range stack (RS) scintillators were demultiplexed. Previously several 
counters were multiplexed into one PMT. Now each counter (21 layers x 24 
sectors) is read out on both ends by PMT's. This provides more light and 
finer resolution for dE/dx measurements. 

• A new target with x4 more light and significantly less dead material was 
built. 

• Weak regions in the photon veto system were filled by moving the EC's 
closer to the target and by adding new systems at smaller angles (the collar, 
micro-collar and lead-glass (PbG) detectors). 

• A new trigger/DAQ system was built. 87-89 The DAQ is Fastbus based, with 
frontend readout into Slac Scanner Processors (SSP). The data is transferred 
via the Cable Segment to a Master SSP, where the event building is done. 
The data is transferred from the Master SSP to an SGI Challenge computer 
via a Branch Bus to Fastbus Converter. 90 The data transfer rate has been 
demonstrated to be ~24 Mbytes per spill (Data transfer to the SGI occurs 
in the 2 seconds between spills. Spills occur every 3.6 sec.) The deadtime, 
which is dominated by the readout of the front end modules into the SSP's, 
is -20%. 

• New beam elements were built to further aid identification of scattered beam 
pions. A new Cherenkov counter has larger acceptance for all beam particles. 
A second beam chamber was added and a PbG counter was installed for 
additional photon veto coverage in the beam direction and for beam pion 
identification. 

An engineering run in 1994 produced the first physics result: the first ob- 
servation of the Structure Dependent (SD + ) component of the radiative decay 
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K + ^yU + z/ M 7. 91 ' 92 The K + ^ n + v ^ decay is dominated by Inner Bremsstrahlung 
(IB), which has been well measured; 93 however, the structure dependent compo- 
nent had not previously been seen. Two days of data taking with a special trigger, 
selecting a high energy muon accompanied by a high energy photon, yielded a to- 
tal of ~2700 K^ii events with a background of 100 events [K^z and K^i with a 
missing photon and with an accidental photon). Of the 2700 events a 
clear signal of about 900 events from the SD + component is seen in figure 7. From 
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Fig. 7. Distribution of cos# M7 for E787 K + ^/i + z/^7 candidates. A fit to IB alone 
is shown in (a), and a fit to both IB and SD + is shown in (b). 

a more sophisticated analysis, fitting E M + and E 7 to IB, SD^ and the interference 
terms, the branching ratio for the SD + decay is: 

B(SD + ) = (1.33 ± 0.12 ± 0.18) x 10~ 5 (6) 

and the form factor \F V + Fa\ — 0.165 ± 0.007 ± 0.011. This can be compared to 
the 0(p 4 ) CHPT calculation of F V + F A = -0.137±0.006 and B(SD + )=9.22x lO" 6 
(Ref 94). An 0(p 6 ) calculation is underway. 95 ' 96 

The first results from the search for K + ^-n + vV with the upgraded detector 
have recently been published for the 1995 data set. 97 The range and energy of 
event candidates passing all other cuts is shown in figure 8. One event consistent 
with the decay K + ^tt + uV was observed. The expected background from all 
sources is 0.08 ±0.03 events. This event is in the so called 'Golden Region' where 
the expected background is 0.008 ± 0.005 and with 55% of the acceptance of the 
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Fig. 8. Final event candidate for K + ^-n + vv: a) Data b) Monte-Carlo 



signal region. A reconstruction of the event is shown in figure 9. There is a clean 
7r + — > fi + decay at 27.0 ns, as can be seen in the upper insert in figure 9; there 
is also a clean /i + — > e + decay at 3201.1 ns. The K + decay occurred at 23.9 ns. 
There is no significant activity anywhere else in the detector at the time of the 
K + decay. The branching ratio for K + ^-n + vV implied by the observation of this 




Fig. 9. K + ^ix + h>i> event. 



event is B(K + ^tt + uV) = 4. 2^5 x 10~ 10 , compared to the expected value from 
the SM calculation of (0.6-1.5) xl0~ 10 . The expected sensitivity from the data 
already on tape (1995-97) is ~2.4 times that of the 1995 data alone. Additional 
improvements from more efficient analysis software are also expected. Results 
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of the analysis of the larger data set are expected within the next year. With 
improved running conditions and a long running period in 1998-99, the E787 
sensitivity for K + ^-k + vV should extend well below the SM level. 

4.2 E865 

The E865 experiment has been substantially upgraded from the previous exper- 
iments (E777/E851). The primary goal is a search for the 'forbidden' lepton 
flavor violating decay K + — ► tt + yU + e~ . The proposed sensitivity for K + ^7r + /i + e~ 
is 10~ 12 or ~ x70 greater than for E777. The experiment is running in the A2 
beam line with an unseparated 6 GeV/c K + beam containing 5 x 10 7 K + /spill 
and 1 x 10 9 7r + and p + per spill. Approximately 9% of the K + decay in the 5 m 
decay volume. The detector rates are ~50 M/spill and the first level trigger rate 
(3 charged tracks) is 2M/spill. After higher level triggers requiring a good e~ and 
/i + ~1000 events are written to tape each spill. 



A drawing of the experimental apparatus is shown in figure 10. Good par- 




Fig. 10. E865 experimental layout. 

tide identification is essential. The first magnet separates K + decay products 
by charge, so that the left side of the spectrometer is optimized for small e~ 
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mis-identification probability and the right side is optimized for small jjL + and 7r + 
mis-ID probability. A coincidence between the two hydrogen Cherenkov counters 
on the left side and the Pb-scintillator calorimeter (Shashlyk design: Pb and scin- 
tillator plates readout by a wavelength shifting fiber) is required to provide small 
probability of mis-identifying a particle as an electron. The Cherenkov counters on 
the right side are filled with a lower threshold gas (CO2 in 1995 and CH4 in 1996) 
to more efficiently veto e + . The trigger rate is reduced significantly by requiring 
an e~ on the left side. Background from K^i and decays with a 7r° Dalitz 
decay are suppressed by assuring that e + on the right side are never mis- identified 
as yU + 's or 7r + 's. The spectrometer consists of 4 sets of Multi-Wire proportional 
Chambers (Pl-4) surrounding the spectrometer magnet. The reconstructed mass 
resolution for K n3 is <j Mk = 2.3 MeV/c 2 . 

A number of upgrades to the E777 experiment include: 

• A substantially improved beamline compared to the one used for E777. With 
x5 more K + , the detector rates are held constant due to improved optics 
and collimation. 

• The spectrometer acceptance is increased by x 3 by increasing the detector 
sizes. 

• A 2 nd muon arm was added for increased acceptance. 

• An additional Y-view was installed in each chamber for more efficient online 
and offline event reconstruction. 

• Graphite coated Mylar HV foils were used to reduce multiple scattering. 

The expected sensitivity for K + ^7r + /i + e" from the 1995-96 runs is ~ x5 
greater than E777. For K + ^7r + e + e~ and 7r°^e + e~ the sensitivity is ~ xlO 
greater (~ 7000 K + -*-K + e + e~ events). In addition, E865 is sensitive to the decay 
K + — > n + {i + fi~ and to the radiative decays K + fi + ve + e~ and K + -^e + ue + e~ . 

For the primary mode, the lepton flavor violating K + /x + e~ decay, a pre- 
liminary analysis of the 1995 data shows no K + ^7r + /i + e~ events (see figure 11). 
The plot shows the reconstructed mass vs the separation of the three tracks 
at the vertex. No events are seen in the box at Mk and small vertex separa- 
tion. E865 has a small data sample for K + ^n + ^ + e~ from 1995 and a much 
larger sample from 1996 (~ x4). The expected single event sensitivity from the 
combined 1995-96 data set is ~ 1.6 x 10~ n The data set should be increased by 
another factor of 3 in the 1998-99 run. 
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865, Search for K ' > xc ' jj, ' , "1995 Data 




™ (GeV) 

Fig. 11. E865 preliminary K + — > 7T + fi + e~ data from 1995. 

The decays K + — > 7i + e + e~ and K + — > 7i + fi + fi~ are interesting as tests of CHPT. 
Both the branching ratios and Mu for these two decays are expressed in terms of a 
single parameter w + , as discussed previously in section 3. A preliminary analysis 
of the combined 1995-96 data set for the K + ^n + e + e~ decay is shown in figure 12. 
The first plot in figure 12 shows the reconstructed 'kaon' mass, M nee vs. the di- 
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Fig. 12. E865 preliminary K + — >7i + e + e data from 1995-96. 



electron mass M ee . The K + ^7i + e + e signal can be seen at M nee = Mk = 494 
MeV/c 2 and M ee > M,». The remaining two plots show the reconstructed kaon 
mass and the di-electron mass for the K + -^ir + e + e~ signal. There are more than 
7000 events, as compared to the previous E777 sample of ~500 events. 46 
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During 1997, due to the very short running time, a special set of triggers were 
collected at lower intensity. Three different decays were studied: K + — > 7r + fi + fi~ 
and K + ^7T + 7T~e + i> e were collected at low intensity due to trigger rates, and 
K + —>■ 7T° e + v e were collected at even lower intensity for better control of sys- 
tematics. In addition, a new beam detector was installed during the 1997 run, 
which allows for improved resolution on decays with missing neutrinos such as 
K + ^7r°e + z/ e and K + -^7r + 7r~ e + v e . E865 approximately tripled the world sample 
of K + ^7i + fi + /j~ (previously ~200 events from E787). A preliminary analysis 
of the 1997 K + ^ir + fi + fi~ data sample shown in figure 13 has ~400 events at 
the reconstructed M nflll = Mk- In addition, approximately 50,000 K + ^-n°e + v e 




Fig. 13. E865 preliminary K + — > n + ji + ji data from 1997. 



events were collected with the aim of improving the understanding of the CKM 
matrix element |V^ S |. Analysis of this data should be completed within the next 
year. Some 300,000 events of K + — ^-k + -k^ e + v e were also collected. This is ~ xlO 
the previous world sample. This decay mode is important to CHPT, for which it 
provides significant input, including information on low energy n-n scattering. 

The radiative decays K + — > e + ve + e~ and K + — > n + ve + e~ , as well as K + — > /x+iyy, 
are governed by the form factors Fa, Fy and R. These provide a test of CHPT. 
Preliminary data from the 1996 run for K + —>-e + i>e + e~ and K + — > [i + ve + e~ are 
shown in figure 14. The ~100 K + — >e + ve + e~ events represents an increase of 
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~20 over the previous world sample of 4 events. The ~700 K + — > ji + ue + e events 
increase the world sample by ~50. 




Fig. 14. E865 preliminary K + ^e + ue + e and K + -^■jj + ue + e data from 1996. 



Finally, by tagging 7r°'s from K + ^n + n° decays, the decay 7r°— >e + e~ can 
be studied. From the combined 1995-96 data set, a preliminary analysis of 
7T°—)-e + e~ is shown in figure 15. This decay has had a controversial history, 
with early experiments measuring a branching ratio much larger than expected 
in the SM. 98 ' 99 The most recent measurement from E851 is consistent with SM 
predictions B(7r°^e+e-) = (6.9 ± 2.3 ± 0.6) x 1(T 8 (Ref 46). It was based on 
~21 events. From the plot in figure 15, it is apparent that E865 has significantly 
more events. 



4.3 E871 

The goal of the E871 experiment is to push the sensitivity for the lepton flavor 
violating decay K^^fie to 10~ 12 . The experiment has tried a novel approach to 



19 



1--^- ^- yTT— 7t", > 



L + 
*++++ V + 



o.i 0.11 o.is o . i ^ o.i4 o.is o . 1 6 o . i y O . 1 S O.IS o.s 
Reconstructed e-t-e — Moss C G e\0 . 199S-t-~19SS 

Fig. 15. E865 preliminary tt° — >e + e~ data from 1995 and 1996. 

attain this extraordinarily high sensitivity; the very high intensity neutral beam is 
stopped in a tungsten beam plug in the middle of the first spectrometer magnet. 100 
This allows the downstream detectors to operate at relatively low rates. A layout 
of the E871 detector is shown in Figure 16. The neutral kaon beam is produced at 
3.75° and is defined by a series of collimators and sweeping magnets. The kaons 
decay in an 11 m vacuum decay volume that is terminated on the downstream 
end by a thin Kevlar/Mylar window. The neutral beam (n/K ~ 20:1) is stopped 
in the beam plug, whereas the Kl decay products are tracked in the spectrometer 
on each side of the beam plug. The first magnet imparts a Pt kick of ~ 440 
MeV/c and the second magnet imparts a Pt kick of ~ 220 MeV/c in the opposite 
direction; this leaves two body decays parallel to the incident beam. 

The general design of the E871 experiment is very similar to E791. It is a 
two arm spectrometer with redundant measurements of the momentum in each 
arm and redundant e and fi identification. Electrons are identified in hydro- 
gen Cherenkov counters and in a PbG array. Muons are identified in an active 
iron filter (Fe and scintillator) and in a muon range finder (proportional coun- 
ters separated by Al or marble sheets). One of the primary backgrounds is from 
Kl — >7r ± e T i> e where both the 7r and e are mis-identified: in this case the recon- 
structed mass can be greater than or equal to Mk- This background is elim- 
inated with redundant lepton identification. The second major background is 
from K£^7r ± e =F z/ e decays where the 7r decays to or is misidentified The 
endpoint of this spectrum is 8 MeV/c 2 below Mk, so this background can be 
eliminated by the high precision, redundant momentum measurements. The mass 
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Fig. 16. E871 experimental layout. 

resolution of the spectrometer is ~ 1-1 MeV/c 2 . If the 7r decays to a fi and 
one hit is missing in the x-view in one of the upstream tracking stations, the track 
can have a good y 2 and the reconstructed mass can be greater than or equal to 
Mk- This background is eliminated by adding a third x-measurement to each 
tracking station, so that if one hit is missing there are still two hits to constrain 
the x-position and by making a tight requirement on the muon range compared 
to the expectation from the momentum. 

The experiment is designed to take x4 more protons on target than E791 and 
have a much larger vacuum decay tank (x3 larger acceptance). The experiment 
ran in the B5 beamline with 15-20 Tp on target, giving ~ 3 x 10 s fTi/spill and 
~ 10 7 Kl decays per spill. The LO trigger rate (requiring parallel tracks) was 
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~70k and the LI trigger rate (requiring the lepton identification) was 10k. The 
final trigger rate, after mass and transverse momentum cuts, was ~500 / spill. 

The upstream drift chambers in E791 have been replaced with 5 mm diameter 
straw chambers and are operated with faster gas (C2H 6 -CF 4 ), in order to operate 
efficiently in the high rate environment near the beam plug. An additional tracking 
station has been added to the E791 configuration and all of the chambers have 
added a third x-measurement. The trigger was upgraded to take advantage of the 
'parallelism' of the tracks from 2-body decays downstream of the spectrometer 
magnets. The trigger rate is further reduced by requiring spatial correlations 
with the lepton identification systems. The lepton identification systems have 
also been more finely segmented. 

The E871 experiment has two large data sets from the 1995 and 1996 running 
periods. The experiment ran for 25 weeks in 1995 and, after a vacuum window 
failure forced the rebuilding of the straw chamber system, for 16 weeks in 1996. 
The 1995-96 data set is being analyzed and results should be forthcoming within 
the next year. A preliminary study of the K° L — > decay shows ~5000 events, 
implying a sensitivity of ~ 1.5 x 10~ 12 , close to the design goal. A plot of the 
K° L -^ fi + fi~ invariant mass is shown in figure 17. This is ~ x7 more than from 
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Fig. 17. Preliminary E871 jiji mass plot. 



E791. With the increased sensitivity E871 should 'close the window' on new 
physics in K° L — >e + e~. In the SM the branching ratio is a few xl0~ 12 , so E871 
should observe several K° L — >e + e~ events. 
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5 AGS-2000 



The AGS will become the injector for RHIC (Relativistic Heavy Ion Collider) 
beginning in 1999. The AGS will be needed for injection up to twice a day 
for ~2 hours; the remaining 20 hours will be available for running fixed target 
experiments with either heavy ions or protons. The AGS will remain the most 
intense source of protons with energy above the kaon production threshold. In 
particular the AGS will remain the most intense source of low energy kaons. The 
marginal cost for the extra running time will be substantially less than the current 
cost of the program. Several kaon decay experiments are being considered or are 
already proposed for running in the AGS-2000 era. 

5.1 K + ^n + W 

E787 has seen one event with B(K + ^ r n + vV)=A.2 J ^l ) x 10~ 10 . Several improve- 
ments have already been made or are underway, including: lowering the kaon 
momentum (increasing the number of stopped kaons, while keeping the rates in 
the detector low), increasing the duty factor of the AGS (increasing sensitivity 
without increasing rates), reduced deadtime through trigger and DAQ upgrades, 
additional transient digitizers on the beam elements, finer segmentation of the 
beam chamber, and an additional layer of Pb-scintillator for the central photon 
veto. Additional improvements were considered at the AGS-2000 Workshop. The 
goal of the K + ^-k + vu working group was to design an experiment to measure 
(V^l to ~15%. The working group concluded that the optimal strategy would 
be to build on the vast experience and success of the E787 experiment and that, 
with modest upgrades to the E787 experiment and beamline, achieving this goal 
should be possible. 101 

5.2 E926 

The decay K° l ^-k°vT', the so called 'Golden Mode', is a purely CP- violating decay 
that is entirely dominated by short distance physics involving the top quark. As 
in K + ^n + vV the hadronic matrix element can be derived from K + ^7i°e + u e . 
Due to the small size of the imaginary part of the CKM matrix elements, the 
charm quark contribution is negligible. The remaining theoretical uncertainty is 
even smaller than that for the charged mode, [0(1%)]. 23 The branching ratio is 
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given by 

B(K L -> 7T°z/z/) « 4.3 x 10 _1 V^ 4 ~2x 1CT 11 (7) 

The experimental challenges are formidable, not only because of the small 
expected branching ratio. The experimental signature is even weaker than in the 
charged mode. The E926 102 experiment has chosen to measure as many kinematic 
variables as possible: the direction, time, position and energies of the photons from 
the 7r° and the velocity of the K L . The velocity of the K L will be determined from 
the arrival times of the photons, the reconstructed decay vertex and the time of 
the K L creation. This last quantity will be determined to ~200ps from the use 
of a bunched beam from the AGS. The reconstruction of the 7 directions will be 
achieved with a 1.5 X Q preconverter (scintillator and chambers). The energy will 
be measured with a Pb and scintillating fiber calorimeter similar to the KLOE 
design, 103 but with a much enhanced scintillator to Pb ratio. The rest of the decay 
volume will be surrounded by photon veto systems. A diagram of the proposed 
detector is shown in figure 18. 



Vacuum Preradiator 




Y veto detectors 

Fig. 18. E926 experimental layout. 



To maximize the Kl momentum resolution and to reduce backgrounds from 
neutron interactions the experiment will run at a large production angle (~ 45°). 
The Kl beam will be a flat beam, 125 mr by 4 mr, which provides an additional 
kinematic constraint (y of the vertex). The neutral beam and decay volume will 
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be at moderately high vacuum (10~ 7 torr) to suppress neutron backgrounds. The 
largest remaining background is from Kl^7i°7i° which, while also CP- violating, is 
10 8 times larger. The E926 design goal is a tt° veto inefficiency of 10~ 8 . Additional 
suppression of the K° L — > 7r°7r° of a factor of 50 can be achieved with a kinematic 
cut on the 7r° momentum in the Kl center of mass system at about 190 MeV/c 
(35% acceptance for K l ^-k vV). 

The experiment plans to run with 50 Tp on target, giving ~ 2.5 x 10 8 Kls 
and ~ 2 x 10 7 Kl decays per pulse. With an 8000 hour run, ~70 K1^7i°uV 
decays should be detected, with a background of ~7 events (almost entirely from 
K L ^n n°). 

Measurements of the K + ^7i + uV and K° L ^ir°i/V branching ratio may provide 
the most precise determination of the CKM parameters p and rj. In any event, 
a determination of these parameters in the kaon system will make for a valuable 
comparison with values obtained for the B system from the B-factories. 

5.3 E923 

E923 104 will search for a T-violating polarization of the /i + normal to the decay 
plane in the decay K + -^7r°/i + z/ M . The current limits on this process, —0.009 < 
Pj < 0.007(95%CL), come from earlier BNL experiments E696 and E735 M 
which collected data from 1978-80. Although the SM does not predict T-violation 
in K + ^7T° n + v^, CP-violation is not well understood and, for example, some 
proposed extensions to the SM designed to explain the baryon asymmetry in the 
universe also predict transverse muon polarization. 105,106 

The earlier experiment collected 2.1 x 10 7 fT + (1.2 x 10 7 /Cl) decays with an 
unseparated 4 GeV/c K + beam. The new experiment will use a separated (K + :ir + 
= 1/1.2) 2 GeV beam with 2xl0 7 K+/pulse (30 Tp protons on target) and 6xl0 6 
decays/pulse. A drawing of the detector is shown in figure 19. The new detector 
has a larger acceptance and achieves better background rejection. The background 
rejection is improved by fully reconstructing the event with the large acceptance, 
finely-segmented calorimeter and the tracking chambers Chl-3. The 7's from the 
7r°'s are detected in an electromagnetic calorimeter (Pb-scintillator — Shashlyk 
design). The /z + 's are tracked into the graphite polarimeter. The polarimeter 
has 96 graphite wedges, with chambers between each wedge. An asymmetry in 
the rate of clockwise vs counter-clockwise muon decays would signal a possible T- 
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Fig. 19. E923 experimental layout. 



violating muon polarization. An axial magnetic field (along the beam direction) 
of ~ 70 G is applied to the polarimeter, with the field direction reversed every 
spill, allowing for the cancellation of many possible systematic errors. 

With a total analyzing power of 23% and a 2000 hour run, the statistical 
sensitivity will reach 1.3 x 10 -4 . 

The same apparatus will be used to measure the T-violating polarization in 
K + —>■ /x+iyy events. Such a measurement is sensitive to non-standard pseudo- 
scalar as well as vector interactions and is therefore complimentary to the mea- 
surement in K + ~^TT°fi + u fJi decays. 107 Studies are in progress to ascertain if a sensi- 
tivity of 0.001 can be achieved, at which point final state interactions may produce 
a non T-violating polarization out of the decay plane. 
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5.4 E927 



The E927 108 experiment proposes to measure the CKM matrix element \V US \. The 
goal is to measure the K + ^7r°e + z/ e branching ratio to 0.7%. A K + beam will be 
stopped in a scintillating fiber target. The outgoing positron will be tracked in 
a drift chamber and identified in plastic scintillator and a plexiglass Cherenkov 
counter. The 7r° photons and e + energy will be measured in the Crystal Ball 
detector. The estimate for K + ^n°e + is e acceptance is as high as 98.5% with a 
1.3% contamination from predominantly K + ^ty + ty with a small K + ^7r°/i + z/ M 
component. 

6 Conclusions 

The AGS kaon program has long and rich history. The most rare particle decay 
yet has been observed in K + ^it + vV. The most sensitive kaon decay search 
comes from K° L — > fie. A number of interesting new processes have been observed. 
Further improvements can be expected from the current experiments. Future 
extensions of the program should provide a significant determination of the CKM 
matrix element \V t d\ and the CP- violating parameter rj. Significantly improved 
limits on, or perhaps observation of T- violation in the decay K + ^ti° n + u^ should 
be expected. Improvements in the knowledge of the CKM matrix element \V US \ 
should also be forthcoming. 
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